The shoot apical meristem contains cells that undergo continual growth and division to generate the building blocks for the aerial portion of the plant. As cells leave the meristem, they undergo differentiation to form specific cell types. Most notably, heterotrophic cells of the meristem rapidly gain autotrophic capability by synthesis and assembly of components of the chloroplast. At the same time, cells undergo enlargement via vacuolation. Despite significant advances in the characterization of transcriptional networks involved in meristem maintenance and leaf determination, our understanding of the actual mechanism of meristem cell differentiation remains very limited. Using a microinduction technique, we show that local, transient overexpression of a retinoblastoma-related (RBR) protein in the shoot apical meristem is sufficient to trigger cells in the meristem to undergo the initial stages of differentiation. Taken together with recent data showing that RBR protein plays a key role in restricting stem cell differentiation in the root apical meristem, our data contribute to an emerging picture of RBR proteins as a central part of the mechanism controlling meristem cell differentiation.
The shoot apical meristem (SAM) consists of a group of proliferating cells whose progeny provide the building blocks for all aerial organs of the plant. The continual generation of new cells does not, however, normally lead to a continual increase in the size of the SAM. Instead, cells toward the proximal base of the SAM differentiate and become incorporated into the plant stem, whereas groups of cells on the meristem flank become incorporated at regular intervals in time and space into new organs, the leaves (for review, see Tsiantis and Hay, 2003; Byrne, 2005; Fleming, 2005) . This process of meristem cell differentiation is associated with and, indeed, in many ways, defined by specific changes in cytology. Thus, whereas cells in the SAM are distinguished by being relatively small and cytoplasmically dense, as cells become incorporated into the stem and leaf structures they become larger as a result of vacuole enlargement, with the cytoplasm being pushed into a layer around the periphery. Simultaneously, the cell proliferation rate tends to decrease and patterns of cell division emerge that eventually define the histology of the leaves and stem (Donnelly et al., 1999) . In addition to this change in size and division pattern, cells leaving the SAM domain gain a specific biochemistry. Cells in the SAM are heterotrophic and depend on imported carbon for the catabolic processes that occur in this part of the plant. Most cells adjacent to the SAM rapidly gain autotrophic capability by differentiation of small proplastids into chloroplasts (Fleming et al., 1996) . This involves the synthesis and assembly of various components of the photosynthetic apparatus. Despite our in-depth knowledge of photosynthesis, the process of proplastid differentiation remains essentially a black box. Most work in this area has focused on the transdifferentiation of etioplasts into chloroplasts and has revealed key insights into the role of light in regulating the assembly of functional chloroplasts (for review, see Strand, 2004) . It is, however, very unclear to what extent environmentally triggered etioplast differentiation relates to developmentally controlled proplastid differentiation. Exposure of the SAM to light does not trigger chloroplast differentiation in these cells (Fleming et al., 1996) , indicating a fundamental difference in the situation with etioplasts.
With respect to differentiation in general, one key aspect that has emerged over the last few years is the potential role of the retinoblastoma protein (pRb) as part of the switching process by which cells cease proliferation and enter a phase of differentiation (Inzé, 2005) . Originally based on data from the analysis of mammalian systems, the paradigm is that specific cyclin/cyclin-dependent kinase (CDK) complexes regulate the phosphorylation of a pRb and that the phosphorylation status of this protein regulates the G1 to S phase transition (Weinberg, 1995; Harbour and Dean, 2000) . Hypophosphorylated pRb is thought to repress the action of a family of E2F-related transcription factors that are necessary for entry into the S phase, whereas after the action of cyclin/CDK complexes hyperphosphorylated pRb can no longer suppress E2F activity, thus allowing progression from the G1 to the S phase to occur. pRb has thus been characterized as a canonical growth repressor and its misexpression implicated in various aspects of neoplasia (Weinberg, 1995; Harbour and Dean, 2000) .
With respect to plants, sequencing data and cloning experiments indicate that plants possess genes that encode retinoblastoma-related (RBR) proteins (Xie et al., 1996; Ach et al., 1997; Durfee et al., 2000; Sabelli et al., 2005) . Biochemical data show that RBR proteins can interact with potential partners, such as cyclin/ CDK complexes (Huntley et al., 1998; Nakagami et al., 2002) , and transgenic and mutational approaches have revealed a role for RBR protein in influencing the cell cycle in a manner generally consistent with the paradigm described above. For example, total abrogation of RBR protein function is gametophytic-lethal due to the proliferation of nuclei in the embryo sac (Ebel et al., 2004) , but experiments in which RBR protein activity has been inducibly down-regulated during postembryonic growth led to increased cell proliferation (Park et al., 2005; Wildwater et al., 2005) and increased expression of RBR protein suppressed cell proliferation in cell cultures (Gordon-Kamm et al., 2002) . Interestingly, in the root apical meristem (RAM) of Arabidopsis (Arabidopsis thaliana), loss of RBR activity led to an increased number of stem cells and overexpression of RBR protein led to stem cell differentiation (Wildwater et al., 2005) , implicating RBR protein as a part of the central mechanism controlling stemness in the RAM. Whether RBR protein performs a similar function in the SAM is unknown.
In this article, we show that local and transient overexpression of RBR protein in the SAM is sufficient to trigger cells toward a more differentiated state, including elements of proplastid differentiation. These data are consistent with the emerging paradigm of RBR protein as an important nexus in plant meristems for the decision to either maintain a meristem state or to enter a pathway of differentiation.
RESULTS

Generation of Transgenic Plants in Which RBR Gene Expression Can Be Transiently Induced
A series of transgenic tobacco (Nicotiana tabacum cv Samsun) plants was generated in which the expression of a full-length cDNA encoding RBR protein from Arabidopsis (Ebel et al., 2004) was under inducible transcriptional regulation by the tetracycline (Tet) operator sequence. In the absence of the inducer (anhydrotetracycline [AhTet]), transcription is repressed (Gatz et al., 1992) . This repression is competitively lifted by the addition of the inducer either in the medium or via microinduction in which lanolin beads loaded with the inducer are positioned onto small regions of dissected apices (Pien et al., 2001) . The small amount of inducer in these beads diffuses into the surrounding tissue, leading to a local and transient induction of the target gene.
Reverse transcription (RT)-PCR analysis of leaf discs taken from a number of independent transgenic tobacco lines with or without AhTet induction led to the identification of two lines in which AtRBR transcripts were not detectable in uninduced tissue but reached high levels following induction (Fig. 1A) . These two lines (Tet::RBR3a and Tet::RBR4a) were taken for further characterization by western-blot analysis. Following induction, a low, but detectable, level of RBR protein was detectable within 4 h of treatment with AhTet (Fig. 1B) . No signal was detectable in noninduced tissue samples or in induced samples of control plants engineered to contain the b-glucuronidase (GUS) protein under Tet-inducible transcriptional regulation. An intense signal was observed in extracts from Arabidopsis plants engineered to overexpress a cyclinD gene that previous research had shown leads to the accumulation of high levels of the endogenous RBR protein (Dewitte et al., 2003) . This sample was used as a positive control to verify that the protein detected in plants in which overexpression of AtRBR had been transiently induced was of the appropriate size. A band of lower signal intensity, but equivalent size, was also observed in proteins extracted from wild-type Arabidopsis plants. In the induced and noninduced tobacco tissue, a number of smaller crossreacting bands were observed that were of similar intensity in both induced and noninduced tissue. By 16 h after induction, elevated levels of AtRBR protein were not observed in induced tissue, indicating the transient nature of the induction, as observed in previous studies with other gene products using the microinduction system (Pien et al., 2001; Wyrzykowska et al., 2002; Wyrzykowska and Fleming, 2003) .
To further investigate the temporal change in RBR gene expression in transgenic tobacco plants, a series of microinduction experiments were performed in which the entire SAM of Tet::RBR plants was induced with AhTet, and the level of both the endogenous NtRBR mRNA and the induced AtRBR mRNA was quantified using real-time PCR. The results (Fig. 1C) indicate that, following this manipulation, there was massive induction of AtRBR gene expression relative to an actin transcript used as an internal control. The timing of the peak of induction varied between 2 and 8 h after apex manipulation, depending on the individual apex analyzed. In all cases, the relative level of AtRBR mRNA returned to an approximately preinduction level within 16 h of the manipulation. Analysis of the mRNA level for an endogenous NtRBR gene indicated that, in the hours following induction, there was a general trend for the expression of this gene relative to the actin control transcript to decrease (Fig. 1C) , but, as observed with AtRBR, within 16 h the relative level of the NtRBR transcript had returned to that observed prior to induction. This relative decrease in the NtRBR mRNA level may indicate a mechanism whereby a transient high level of the AtRBR gene product feeds back to the endogenous RBR gene to decrease its expression. Alternatively, due to the similarity of the Arabidopsis and tobacco RBR gene sequences, some limited RNA interference effect cannot be excluded.
These observations on the transient nature of the induction of AtRBR gene expression were supported by in situ hybridization analysis (Fig. 1D) . In control apices, there was uniform expression of the endogenous NtRBR transcript throughout the apical meristem and in the young leaf primordia. Hybridization of sections from such uninduced apices revealed no signal with a probe specific for the AtRBR transcript. Within 2 h of induction of Tet::RBR apices, a distinct signal was apparent in sections hybridized with the AtRBR probe (Fig. 1D) . However, by 24 h, only a background signal was apparent in such sections hybridized with the AtRBR probe. In contrast, hybridization with the NtRBR probe of equivalent sections taken at similar time points from induced Tet::RBR apices revealed a relatively constant and uniform pattern of transcription (Fig. 1D) . No overt decrease in the NtRBR mRNA level was observed during this time course (in contrast to the RT-PCR data shown in Fig. 1C ), but this might simply reflect the poor quantitative nature of the in situ hybridization technique. Taken together, the western-blot data showing an increased accumulation of RBR protein and the in situ hybridization and quantitative RT-PCR data showing a massive and transient increase in AtRBR mRNA level indicate that the microinduction process led to a transient increase in RBR protein activity in the apex target tissue. (Dewitte et al., 2003) . Tet::GUS, Extract from transgenic tobacco plants engineered to inducibly express the GUS reporter gene after treatment with AhTet. Arrowhead indicates migration of a 100-kD marker protein. The bottom image shows amidoblack staining of the blot to ensure approximate equal loading of total protein in all lanes. C, Real-time PCR analysis of NtRBR (white columns) and AtRBR (shaded columns) at different time points in Tet::RBR apices after induction of AtRBR expression. Expression of each transcript is relative to that of an endogenous actin mRNA (as described in ''Materials and Methods''), and this ratio was defined as equal to 1 for the zero time point for each RBR gene. Log data derived from the analysis of three independent biological replicates, with each sample analyzed in triplicate, are shown. D, In situ hybridization analysis of meristems from Tet::RBR plants hybridized with antisense probes for either NtRBR or AtRBR (as indicated) and at time points 0, 2, and 24 h after AhTet induction (as indicated). Longitudinal sections through the meristems are shown and signal is visible as dark staining. Bar 5 50 mm.
Microinduction of RBR Gene Expression in the Meristem Leads to Repression of Growth
To investigate the outcome of local, transient induction of AtRBR gene expression, aliquots of lanolin impregnated with AhTet were positioned onto either the I1 or I2 position of apical meristems of Tet::RBR plants and the apices regenerated. The I1 position marks the group of cells that will normally form the next leaf primordium, whereas cells within the I2 position will not normally become incorporated into a leaf until those at I1 have done so. Growth of the apices was observed at various time points up to 5 weeks by counting leaves and imaging plants. Control experiments included both the use of mock-induced Tet::RBR apices and the AhTet induction of apices dissected from Tet::GUS plants containing the GUS reporter gene under AhTet-inducible transcriptional regulation (Pien et al., 2001) .
As shown in Figure (Table I) . Such severe growth inhibition was never observed in either mock-induced Tet::RBR apices or AhTet-induced Tet::GUS apices. Moderate growth inhibition was observed in 4/28 (14%) AhTet-induced Tet::GUS apices, whereas 33/46 (72%) of Tet::RBR apices showed this phenotype after treatment with AhTet. The vast majority of mock-induced Tet::RBR apices (100%) and AhTet-induced Tet::GUS apices (86%) showed normal growth after manipulation, whereas only 2% (1/48) of AhTet-induced Tet::RBR apices displayed a normal rate of growth. These data indicate that local transient overexpression of the AtRBR protein in the tobacco SAM via microinduction was sufficient to induce an extended (5 week) repression of growth. These plants did not display any obvious symptoms of senescence. Instead, they remained green and apparently viable, but with an extremely limited rate of growth.
Microinduction of RBR Gene Expression Leads to Dramatic Changes in Meristem Cytology
To investigate the nature of growth repression induced by the induction of AtRBR gene expression, we performed a histological and cytological analysis of induced and control apices. As shown in Figure 3A , the SAM of a control plant consists of outer cell layers (the tunica) surrounding an inner corpus in which cell division orientation is not uniform. The cells in the tunica are characterized by being relatively uniform in size, densely cytoplasmic, with a large central nucleus (Fig. 3B) . Cells deeper in the corpus tend to be larger and show the first signs of vacuolation. After microinduction of RBR gene expression in the meristem, the first visible change in cytology occurred within 24 h (Fig. 3, C and D) . In the area of induction, cells in the outer tunica layers became enlarged and a chain of vesicles became apparent around the central nucleus. By 72 h, the meristem became enlarged and flattened (compare Fig. 3 , E and A). There was a clear gradient of cells from the flank of the meristem to the center, with cells on the flanks being vacuolated and cells in the center of the meristem being compact and intensely stained. Closer observation of these cells (Fig.  3F ) revealed that they were enlarged and showed a staining pattern distinct from that observed in the tunica of control apices (compare Fig. 3, F and B) . Three weeks after induction of RBR gene expression, the meristems contained a mixture of highly vacuolated cells intermingled with smaller, more compact cells (Fig. 3, G and H) . The tightly ordered pattern of cell division observed in control meristems tended to disappear and the entire appearance of the SAM was very different from that of a control SAM (compare Fig. 3, G and H, and A and B) . The altered meristem histology and cytology correlated with the growth phenotype of the plants (i.e. apices showing the most severe growth retardation showed the most severe cytological and histological defects).
To assay the changes in meristem cell size, the crosssectional areas of cells in micrographs of mock-treated and induced apices were measured (Table II) . Cells in control meristems had a mean area of 145 mm 2 , whereas 24 and 72 h after microinduction the cells in the tunica layers had mean areas of 209 and 205 mm 2 , respectively. Statistical analysis of these data indicated a significant increase in mean cell size after induction of RBR gene expression (t test; P , 0.01).
Following microinduction of RBR gene expression, changes in cytology were observed not only in the SAM, but also in the leaf primordia immediately adjacent to the induction site on the meristem. Thus, as shown in Figure 4A , 72 h following induction of RBR gene expression, the entire adaxial face of the primordium closest to the site of microinduction consisted of cells that were relatively small and cytoplasmically dense compared with cells on the abaxial face, which underwent the normal process of cell expansion and vacuolation characteristic of cells in this position at this stage of leaf development. The histology of the adaxial face of primordia in induced apices is more clearly shown in Figure 4B , which can be compared with that of tissue in this region from noninduced apices (Fig. 4C) . The adaxial cells in the primordia of induced apices are smaller, lack large vacuoles, and possess a cytology more reminiscent of meristematic cells, whereas the adaxial cells of control primordia undergo cell expansion and vacuolation, with cell division orientation being maintained to generate the layered structure characteristic of the maturing leaf. Measurement of cell cross-sectional areas in the adaxial tissue of primordia from induced and noninduced apices confirmed the visual impression of altered cell size, with induced adaxial cells being significantly smaller (t test; P , 0.01) than noninduced cells (Table II) .
To further analyze the cytological response to microinduction of RBR gene expression, we performed a transmission electron microscopy (TEM) analysis of the tissue. A typical cell in the LI layer of the tunica is relatively small (diameter approximately 10 mm) and contains a large nucleus surrounded by dense cytoplasm within which a few small vacuoles and proplastids are visible (Fig. 5A ). After induction of RBR gene expression, significant changes in cytology were apparent within 24 h (Fig. 5B) . The most noticeable change was an agglomeration of vacuoles to form larger bodies and an increase in cell size. In addition, electron-opaque, globular bodies were frequently observed within the vacuoles (which may represent lipid bodies) and electron-dense bodies were apparent within the cytoplasm. Already at these early stages of response to RBR gene induction, changes in plastid differentiation were detectable and these became obvious within 72 h (Fig. 5C ). Lamellae were observed to form within the proplastids, which also tended to accumulate large electron-opaque starch granules, as well as electron-dense bodies. Such plastids were never observed in cells in control apices at this position within the meristem. The structure of the differentiating plastids within the induced meristems can be compared with plastids in a normally developing leaf primordium (Fig. 5D ). At this stage of leaf differentiation, the plastids contain stacks of lamellae and prominent starch granules. Electron-dense bodies are not observed in these differentiated plastids. The cells themselves also contain relatively large vacuoles. As shown in Figure 4 , one result of induction of RBR gene expression was the accumulation of small cytoplasmically dense cells on the adaxial face of developing leaf primordia adjacent to the site of microinduction. TEM analysis confirmed the data obtained by light microscopy, as shown in Figure 5F . The adaxial cells of induced Tet::RBR apices were smaller, less vacuolated, and more cytoplasmically dense than comparable cells in this position from noninduced tissue (Fig. 5E ).
RBR Gene-Induced Growth Retardation Is Associated with Altered Expression Patterns of Marker Genes for the Cell Cycle and Meristem Function
A paradigm of RBR function is that it controls entry into the cell cycle via regulation of passage of cells through a point in the G1 to S phase transition. To investigate the outcome of local induction of RBR gene expression on cell division, we performed a series of in situ hybridizations using marker genes for various phases of the cell cycle (Fig. 6) . In nontreated control apices, histone H4 mRNA accumulates in spots throughout the SAM and young leaf primordia, marking cells in the S phase (Fig. 6A) . Within 24 h of RBR gene induction, transcripts for H4 were virtually undetectable and did not accumulate in their characteristic speckled pattern (Fig. 6B) . After 72 h, a slight recovery in H4 mRNA signal was visible in some apices, with a few cells showing a low level of transcript accumulation (Fig. 6C ). Nicta;CYCA3;2 (encoding an A-type cyclin that can also be used as a marker for the G1 to S phase transition; Wyrzykowska et al., 2002; Yu et al., 2003) showed an essentially similar pattern of expression (data not shown).
Nt;CYCB1 transcripts (encoding a B-type cyclin) accumulate in plant cells during the G2 to M phase transition. In untreated apices, Nt;CYCB1 transcripts accumulated in a speckled pattern throughout the SAM (Fig. 6D) . Within 24 h of RBR gene induction, cyclinB transcripts were virtually undetectable within the meristem (Fig. 6E) . After 72 h, Nt;CYCB1 transcripts (as observed for H4 and Nicta;CYCA3;2) showed limited recovery of the normal expression pattern, but with a spectrum of signal intensity depending on the apex analyzed (Fig. 6F) . In addition to the specific expression patterns of genes encoding cell cycle-associated proteins, the SAM is characterized by a number of distinct patterns of gene expression that can be used as diagnostics of meristem function. For example, transcripts encoding homeodomain transcription factors of the KNOTTED class (KNOX genes) accumulate throughout the SAM but are excluded from the region involved in specification of a new leaf primordium (for review, see Tsiantis and Hay, 2003; Byrne, 2005) . At the same time, leaf primordium initiation is characterized by accumulation of transcripts encoding a class of MYB transcription factors (encoded by ARP genes), with the pairwise regulation of KNOX and ARP gene families being intimately involved with the process of leaf initiation. In tobacco, NTH15 transcripts (encoding an STM-like KNOX factor) mark all cells in the meristem except the presumptive primordium ( Fig. 6G ; Sakamoto et al., 2001) , and NTPHAN mRNA (encoding an ARP factor) marks the earliest stage of primordium formation ( Fig. 6J ; Wyrzykowska and Fleming, 2003) . Within 24 h of microinduction of the RBR gene in the SAM, disruption of the normal pattern of NTH15 and NTPHAN marker gene expression was observed. NTH15 transcript accumulation in the SAM decreased, although mRNA was still detectable in the submeristem region (Fig. 6H) . By 72 h, some expression of NTH15 was reestablished within the SAM (Fig. 6I) , although the pattern remained patchy compared with that observed in control apices. At 24 h after induction, NTPHAN transcripts accumulated in a patchy pattern throughout the meristem (Fig. 6K) . By 72 h after induction, NTPHAN transcripts were barely detectable within the SAM (in which vacuolated cells were clearly apparent), except toward the flank of the meristem (Fig. 6L) . Figure 6 . Analysis of marker gene expression in meristems microinduced to overexpress RBR gene expression. A, In situ hybridization with an antisense probe for histone H4 against a longitudinal section of an apex from a Tet::RBR plant without AhTet induction. B, As in A, but 24 h after microinduction. C, As in A, but 72 h after microinduction. D, As in A, but hybridized with an antisense probe for NtCYCB1. E, As in D, but 24 h after microinduction. F, As in D, but 72 h after microinduction. G, As in A, but hybridized with an antisense probe against NTH15. H, As in G, but 24 h after microinduction. I, As in G, but 72 h after microinduction. J, As in A, but hybridized with an antisense probe against NTPHAN. K, As in J, but 24 h after microinduction. L, As in J, but 72 h after microinduction. M, As in A, but hybridized with an antisense probe against RBCS. N, As in M, but 24 h after microinduction. O, As in M, but 72 h after microinduction. P, As in A, but hybridized with an antisense probe against NteIF4A. Q, As in P, but 24 h after microinduction. R, As in P, but 72 h after microinduction. Bars 5 50 mm. Meristem cells are nonphotosynthetic and do not normally express genes encoding key components of this metabolic pathway, such as the small subunit of Rubisco (RBCS; Fleming et al., 1996) . Thus, transcripts encoding RBCS cannot be detected in the SAM (Fig.  6M) . RBCS transcripts were detectable within 24 h of microinduction of RBR gene expression (Fig. 6N) , and by 72 h a strong RBCS transcript signal was apparent throughout the SAM (Fig. 6O) .
As a final control to investigate the general pattern of transcriptional activity in the responding meristems, we performed hybridizations with a probe against mRNA encoding a translation initiation factor, NteIF4A. The encoded protein is involved in protein translation and can be used as a probe for general transcriptional/translational activity (Mandel et al., 1995) . In control apices, a strong signal was observed throughout the SAM (Fig. 6P) . Within 24 h of induction of RBR gene expression, the intensity of NteIF4A transcript accumulation was lower (Fig. 6Q) , and this decreased level of signal was maintained at 72 h after induction (Fig. 6R) , consistent with the observed decrease in tissue growth.
DISCUSSION RBR Protein and Control of Meristem Cell Differentiation
Recent work on the RBR gene in Arabidopsis has implicated it both in maintenance of stemness of classically defined initial cells in the RAM and in control of differentiation of these cells (Wildwater et al., 2005) . Induced loss of RBR protein using a cre-lox system led to sectors of tissue permanently lacking RBR protein activity. When these sectors were targeted to the stem cell initials around the quiescent center of the RAM, increased stem cell proliferation was observed. In contrast, induced overexpression of RBR protein in the RAM led to stem cells undergoing at least some aspects of differentiation (e.g. acquisition of statoliths). The results reported here confirm and extend this work by showing that overexpression of RBR protein in the SAM is sufficient to switch these cells from proliferation to a state in which the initial events of differentiation occur. Thus, the potential role of RBR protein in controlling stemness in the RAM may be a general feature of meristems in plants. Moreover, because of the nature of the technique used in this investigation, we show that a brief (,24 h) elevation of RBR protein level is sufficient to trigger this change. This suggests that the response to elevated RBR protein in the SAM is unidirectional (i.e. once the cells in the meristem have been triggered to enter the RBR protein-directed pathway, it is not a trivial matter for the process to be reversed). Such unidirectional flow of differentiation is reminiscent of the concept of epigenetic landscapes first promulgated by Waddington almost 50 years ago (Waddington, 1957) in which cell differentiation can be envisaged as a sphere moving by gravity down an undulating hillside in which the different valleys represent alternative pathways of differentiation. Once a particular valley has been entered, it requires specific inputs to push the cell back up the slope to a less differentiated state. Following this analogy, one interpretation is that RBR protein acts as either a modulator of the landscape or as a brake preventing movement of a cell downhill toward differentiation (see also Harris, 2004) . Interestingly, pRb-related complexes have been shown to interact with chromatin remodeling factors capable of setting particular patterns of gene expression in an epigenetic fashion (i.e. capable of setting relatively stable patterns of gene expression; Hennig et al., 2003; Narita et al., 2003) , and chromatin remodeling factors have recently been implicated as key players in the maintenance of stem cell identity in mammals (Lee et al., 2006) . Such a mechanism of action would fit with the observed requirement for only a transient induction of RBR protein in the SAM to set in motion a pathway of differentiation. At the same time, at least some of the induced SAMs in our experiments did eventually reinitiate an approximately normal rate of growth. This implies that reversal of the RBR proteininduced state was possible in at least some cells, or that at least some cells in the SAM retained meristematic potential to reestablish a functional SAM. Further investigation is required to distinguish these possibilities.
Previous investigators have indicated that RBR protein in tobacco can functionally interact with cyclinD/ CDK complexes (Huntley et al., 1998; Nakagami et al., 2002; Uemukai et al., 2005) and, taken together with the accepted model of RBR function, it seems likely that an initial outcome of elevated RBR protein level in the SAM in our experiments would be to temporarily swamp the endogenous cell cycle-promoting activity of cyclinD/CDK complexes, thus leading to inhibition of cell proliferation, as observed. It should be noted, however, that induced RBR protein expression led to an almost complete and rapid cessation of cell division (as visualized by cell cycle marker gene expression and subsequent lack of growth), whereas during the normal process of meristem cell differentiation some level of proliferation is maintained for a period of time after exit from the SAM. If RBR protein does act as part of the endogenous system for meristem cell differentiation (discussed below), it is likely to act in a graded fashion mediated by posttranslational modification of a relatively constant local level of protein rather than by an all-or-nothing change in expression level instigated by the genetic methods used here and in other investigations. Investigating such local changes in RBR activity in vivo will be technically challenging.
Although the experiments reported here depended on altered transcription of an introduced RBR gene, the endogenous function of RBR protein is likely to be highly dependent on posttranslational modification of the protein (Kaye et al., 1990; Harbour and Dean, 2000) . The importance of such posttranslational events in RBR action makes interpretation of RBR transcription patterns difficult. Thus, although our in situ hybridization data suggest a higher level of RBR expression in the SAM (where cells remain relatively undifferentiated and maintain a relatively high rate of proliferation), they do not necessarily imply that high RBR activity is associated with high rates of cell division. Indeed, due to the limited vacuolization of cells in the SAM, even a gene that is uniformly expressed (on a cell basis) will tend to show a higher signal in the SAM (where cytoplasmic density is higher); that is, our data do not imply SAM-specific expression of RBR. Rather, they suggest that RBR is present to some extent in all cells of the shoot apex and are consistent with the idea that RBR protein acts as a fulcrum around which factors promoting proliferation or differentiation can act. Because, generally, the cellular decision process goes from proliferation to nonproliferation (and differentiation), a relatively high level of transcript encoding a protein involved in this decision in proliferating cells is not unexpected. Our expression data define a region where RBR can act and this area encompasses the region where the decision to maintain or exit proliferation takes place.
The results of our experiments also suggest that modification of cell activity in one part of the SAM (via RBR protein induction) leads to modification of cell activity in other parts of the SAM and, indeed, on the flanks of the leaf primordia adjacent to the induction site on the SAM. Thus, whereas cells induced to express RBR protein underwent initial steps in differentiation in the SAM, adjacent cells in the leaf primordium maintained meristematic cytology. This is consistent with the idea of a signaling system by which appropriate differentiation of cells in the leaf primordium requires a signal from a functioning SAM. In the absence of such a signal, the cells in the leaf do not undergo appropriate growth and differentiation. The mechanisms underlying these observations are at present unknown; however, a number of publications indicate that dynamic signaling events occur both within the SAM and between the SAM and the surrounding leaf primordia to coordinate growth activity (e.g. Waites and Hudson, 1995; Kim et al., 2002; Juarez et al., 2004; Kidner and Martienssen, 2004) . The identification and characterization of these signaling systems is a pressing requirement. Our data do not resolve this issue, but they identify appropriate cell proliferation in the SAM as a component of the control system. Our results also highlight the importance of specifying the spatial and temporal boundaries of altered gene expression in transgenic experiments and show how interpreting the function of genes such as RBR simply as favoring differentiation or proliferation may be rather simplistic in the context of a multicellular organism in which altered cellular activity in one region may (via endogenous signaling mechanisms) elicit an apparently different response in neighboring tissue.
RBR Gene and the KNOX/ARP Transcription Factor Module Down-regulation of the KNOX transcript level in cells undergoing determination to form leaves, and concomitant accumulation of transcripts encoding ARP transcription factors, is a general facet of SAM function (Tsiantis and Hay, 2003; Byrne, 2005) . This has led to the proposal that KNOX gene expression is intimately linked to the maintenance of meristem identity (Jackson et al., 1994; Long et al., 1996; Sablowski, 2004) . However, at the proximal base of the SAM, the cutoff between KNOX expressing and nonexpressing cells is not sharp, with published images showing both meristem cells and cells undergoing differentiation expressing KNOX genes. After induction of RBR gene overexpression, a loss of transcripts for both NTH15, concomitant ectopic accumulation of NTPHAN transcripts, and cellular differentiation were observed in the SAM. These observations are consistent with the idea that loss of KNOX-like gene expression is linked with the loss of meristem identity/potential and with the initiation of specific aspects of biochemical differentiation (Mele et al., 2003) . At later stages after RBR induction, a partial restoration of NTH15 expression occurred, but this was insufficient to restore SAM activity, indicating that KNOX gene expression alone is insufficient to establish meristem activity. These data support the idea that the cellular context of KNOX gene expression is important and that epigenetic changes induced by RBR overexpression might render the cells nonresponsive to the normal action of NTH15 in the SAM. Research in the RAM has revealed an interaction between RBR protein-mediated and transcription factor-mediated control of meristem function (Wildwater et al., 2005) . Whether a similar relationship exists in the SAM between RBR and KNOX factors (or other transcription factor families, such as WUSCHEL-related homeodomain factors) will require analysis in a genetically more tractable system, such as Arabidopsis, but our data demonstrate the potential for such a linkage.
In conclusion, our data indicate that regulation of RBR protein in the SAM might play a similar role to that recently established in the RAM with respect to the control of stem cell differentiation. The function of retinoblastoma-like proteins in controlling entry into the cell cycle has long been established, but the potential role of these proteins in directing differentiation has been less well explored (Dimova et al., 2003; Wikenheiser-Brokamp, 2004) . The further characterization of the role of RBR protein in plant cell differentiation will be of great interest. In particular, in the context of the SAM, there is a dearth of information on the earliest steps of proplastid differentiation and on the switch to vacuolar-driven expansion growth, which occurs as cells leave the SAM (Fleming, 2006) . The ability to switch meristem cells toward a pathway of differentiation, coupled with the development of techniques that allow the characterization of global patterns of gene expression in minute tissue samples, opens a pathway for the investigation of basic aspects of plant cell differentiation.
MATERIALS AND METHODS
Plant Material and Transformation
R7 tobacco (Nicotiana tabacum cv Samsun) seedlings (a gift from A. Jones, University of North Carolina, Chapel Hill) were transformed (Pien et al., 2001) , regenerants grown in a greenhouse, and F 1 seeds collected for analysis. For microinduction experiments, plants were grown on soil in a growth chamber (16 h light at 24°C/8 h dark at 20°C cycle) or on one-half-strength Murashige and Skoog medium, pH 5.6, 1% (w/v) agar (16 h light/8 h dark cycle at 24°C, 100 mmol m 22 s 21 ). For RNA-blot and protein analyses, seedlings were grown on Murashige and Skoog medium.
DNA Manipulation
The Arabidopsis (Arabidopsis thaliana) RBR cDNA was cloned into the pBINHyg-TX vector (Gatz et al., 1992) to generate the clones pBinHyg-Tx-RBR. This was used to transform tobacco seedlings, as described above. All DNA manipulations were performed by standard techniques (Sambrook et al., 1992) .
Microinduction
Microinductions were performed as described (Pien et al., 2001 ) using lanolin/paraffin paste with 10 mg mL 21 AhTet. Controls were performed by using dimethyl sulfoxide/lanolin/paraffin paste without AhTet. After manipulation, apices were grown on one-half-strength Murashige and Skoog medium, pH 5.6, in a growth chamber (16 h light/8 h dark cycle at 24°C, 100 mmol m 22 s 21 ) as described by Pien et al. (2001) .
RNA and Protein Analysis
For RT-PCR, total RNA was extracted from 4-week-old seedlings using RNeasy columns (Qiagen). In situ hybridization was done as described (Pien et al., 2001 ) using digoxigenin-labeled sense and antisense riboprobes for AtRBR, NtRBR, NTH15, NTPHAN, Nt;CYCB1, Nt;CYCA3;2, Nt;EIF4A, RBCS, and H4. For real-time PCR, total RNA was extracted from 4-week-old seedlings using TRIzol (Invitrogen). Traces of DNA were removed with DNase I (RNase-free), then 2 mg of total RNA was used to prepare cDNA using avian myeloblastosis virus reverse transcriptase (Invitrogen). Quantitative RT-PCR was performed using an ABI PRISM 7700 sequence detection system. PCR reactions for each time point (for target genes and the reference gene) were prepared using SYBR Green PCR master mix (Applied Biosystems) and the following primers: Nt.RBR forward, 5#-gctgggttccggaagcttgtct and reverse, 5#-cacctgtaagcacagcgatgacaa; At.RBR forward, 5#-agatgctgccacctccgtt and reverse, 5#-tcctccacctcctgggttg; and Nt.actin forward, 5#-gccagtggccgtacaacaggtattg and reverse, 5#-tagtggtgaacgagtagcctcgct.
Statistical analyses were performed following the formula of Pfaffl et al. (2002) . Western-blot analysis was by standard protocols with a horseradish peroxidase-linked secondary antibody and enhanced chemiluminescence visualization, as described by the manufacturer (Roche Diagnostics). Fifty micrograms of protein from seedling extract were loaded per lane. The primary antibody used was raised (Eurogenetec) in rabbit against a mixture of synthetic peptides from three regions of the AtRBR protein (N terminus, AB domain, and C terminus). In extracts from wild-type Arabidopsis seedlings, the antibody detected a protein with an observed migration close to that predicted for the AtRBR protein (112 kD). Moreover, the intensity of this band was elevated in plants engineered to overexpress the AtRBR gene either directly (via overexpression of the AtRBR gene; L. Mariconti, H. Feiler, J. Futterer, and W. Gruissem, unpublished data) or indirectly via overexpression of a cyclinD gene (shown in Fig. 1A ). In addition, a previously characterized antibody raised against maize (Zea mays) RBR protein (Huntley et al., 1998) identified the same band in parallel extracts.
TEM
Tobacco pieces were fixed in 2% (w/v) glutaraldehyde in 0.05 M sodium cacodylate buffer, pH 7.2, for 2 h at room temperature and postfixed with 1% (w/v) OsO 4 in sodium cacodylate buffer at 4°C overnight. After dehydration with acetone at room temperature, the material was embedded in Spurr's standard epoxy resin with dibutyl phthalate and the resin was polymerized at 70°C for 19 h. Thin sections were stained with 2% (w/v) uranyl acetate in 50% (v/v) acetone for 30 min and alkaline lead citrate for 30 min (Reynolds, 1963) . Micrographs were taken with a Philips CM 100 BIOTWIN electron microscope.
